Abstract: Kinetic study on the decomposition of Prussian Blue electrocatalytic layer during electrochemical reduction of hydrogen peroxide has been studied in relation to biosensor application of this electrocatalyst. The decomposition has been shown to proceed as a nearly exponential decay process and the corresponding first-order rate coefficients were determined. It has been shown that the decomposition proceeds about 10 times faster in pH 7.3 buffer solution as compared to pH 5.5 buffer. A linear dependence of the decomposition rate on the concentration of hydrogen peroxide has been found.
Introduction
Biosensors based on oxidase type enzymes are widely used in biochemical and clinical analysis. In these biosensors, hydrogen peroxide formed in the course of biocatalytic oxidation of specific substrates by dissoved oxygen is electrochemically oxidised at a platinum electrode. As a result, oxidation (anodic) current appears to be proportional to analyte concentration. The most important drawback of these biosensors is their sensitivity to some substances usually present in analytes such as. ascorbic acid. These substances are able to oxidise at the same electrode causing a substantial bias in determination of the target analyte. In order to avoid the electrochemical discharge of interfering substances, new approaches have been proposed in the recent past. One of them relates to the use of electrocatalytically active specific substances that enable a shift in the operating potential of the electrode to an appropriate level to avoid the electrochemical discharge of interfering species. Prussian Blue (PB, ferric ferrocyanide) has been widely studied during the past decade as an electrocatalytically active electrode material [1, 2] .
Although the electrodeposition of PB onto the electrode [3, 4] as well as its ability to catalyze the electrochemical reduction of hydrogen peroxide and oxygen [5] have been known since two decadeshowever, a huge interest in this material as an electrocatalyst has occurred in the last decade due to its application in biosensors. With the use of PB as the electrocatalytically active material, the operating potential of the modified electrode can be dropped by 0.6 V or even more to ca. 0.0 V w.r.t Ag/ AgCl reference.
Different biosensor configurations have been reported with the use of PB and related hexacyanoferrates as active electrocatalytic layers for hydrogen peroxide detection. Some examples include bulk-modified screenprinted biosensors for glucose assay [6, 7] such as PB modified electrodes coated with Nafion layer containing glucose oxidase [8] [9] [10] [11] , lactate oxidase [12] , glutamate oxidase [13] , or coated with polyaniline, polypyrrole and similar polymer layers containing oxidases [14] [15] [16] [17] . The major drawback of PB modified electrodes is the instability of PB in alkaline solutions. In the course of electrocatalytic reduction of hydrogen peroxide at PB modified electrodes, hydroxyl ions are produced causing an increase of solution pH at electrode surface causing Kinetic study of the decomposition of Prussian Blue electrocatalytic layer during cathodic reduction of hydrogen peroxide the decomposition of electrocatalytic layer. In our earlier study, we addressed the problem of electrochemical decomposition of a PB layer [18] . The present work has been aimed at a kinetic study of the decomposition of PB layer during electrocatalytic reduction of hydrogen peroxide.
Experimental Procedures
A BAS-Epsilon model potentiostat (Bioanalytical Systems, IN., USA) was used for the work. Electrochemical experiments were performed in a one-volume three-electrode glass cell equipped with a magnetic stirrer. A glassy carbon rod 3 mm in diameter (Sigradur K, HTW, Germany) polished consecutively with 1.0 and 0.3 µm wet alumina powder (Kemet, UK) and press-fitted into a plastic tube with its circular surface exposed to the electrolyte was used as a working electrode. A glassy carbon rod, 3 mm in diameter and 10 mm in length, press-fitted into a plastic tube, was used as a counter electrode. Ag/AgCl electrode, filled with 3 M NaCl (Bioanalytical Systems, IN., USA), was used as a reference electrode. All potential values reported below refer to this reference electrode. The electrodeposition of a Prussian Blue layer onto the working electrode was done in a freshly prepared solution containing 0.1 M KCl, 0.1 M HCl, 2.5 mM of potassium ferricyanide and 2.5 mM of FeCl 3 by applying a controlled potential of 0.4 V for 1 min. After that, the modified electrode was rinsed with water and transferred into a solution for stability tests. Stability tests were performed in 0.05 M phosphate buffer solution at pH 5.5 or 7.3 containing additional 0.1 M of KCl. Hydrogen peroxide was added to the test solution to obtain a final concentration ranging from 0.01 to 1.0 mM. Stability tests were performed in a test solution that was under constant stirring and at a controlled potential of 0.0 V.
Results and Discussion
In preparing the Prussian Blue (PB) modified electrode, we followed the usual procedure of electrochemical deposition, which has been optimized for sensor applications [19, 20] . As a result, a compact layer of PB is deposited at a glassy carbon surfaceand shows good electrocatalytic activity towards electrochemical reduction of hydrogen peroxide. The overall reaction scheme for cathodic reduction of hydrogen peroxide can be represented as follows:
The hydroxyl ions formed in this reaction cause a local increase of pH within or near thePB layer leading to a gradual decomposition of the PB layer. As a result, gradual decrease of cathodic current of electrocatalytic peroxide reduction is observed. It is well known that PB modified electrode possess good stability for peroxide reduction in acidic solutions, whereas, in neutral or slightly alkaline pH solutions, its stability appears to be limited. Two hypotheses could be proposed regarding the decomposition of a PB layer during cathodic reduction of hydrogen peroxide.
1. First, there could be probably some definite "critical" value of solution pH for the decomposition rate. Over this value (i.e., in more alkaline solutions), the decomposition should proceed at a high rate, whereas no or slow decomposition proceeds below this critical value (in less alkaline solution). In this case, the decomposition rate should be a non-linear dependence on the concentration of hydrogen peroxide. At a low concentration, the rate of hydroxyl ions production is low and, since hydroxyl ions diffuse out of a PB layer, the local pH within the PB layer does not reach or exceed the critical pH value. As a result, no or slow decomposition of this catalytic layer proceeds. At a high concentration of peroxide, however, hydroxyl ions are produced at a higher rate, causing an increase of local pH up to a critical value. As a result, fast decomposition of PB layer should proceed.
2. In an opposite case, no critical pH value exists. Then, the rate of decomposition should be nearly proportional to the rate of hydroxyl ion production, which is proportional to the concentration of hydrogen peroxide. As a result, the rate of decomposition should be proportional to the concentration of hydrogen peroxide. Fig. 1 (top) shows the decrease of cathodic current during prolonged electrolysis of hydrogen peroxide in a solution at pH 5.5. At a higher concentration of hydrogen peroxide, a higher initial current as well as higher absolute decomposition rate is observed. Noteworthy is the observation that some residual current and its decay are observed even in the absence of hydrogen peroxide. Similar dependencies have been observed in pH 7.3 solution, as depicted in Fig. 1 (bottom) . Under the conditions used, the standard deviation for kinetic dependencies was ca. 7%. Again, a higher initial current and decay rate are observed at higher peroxide concentration. Also, residual current and its decay are observed at pH 7.3. The decay of cathodic current also proceeds faster in pH 7.3 solution.
Obviously, the electrocatalytic oxidation of hydrogen peroxide at PB modified electrode and decomposition of a PB layer during electrocatalytic reduction present complex processes. A full kinetic analysis of decomposition process should include at least the following partial processes:
1. The diffusion of hydrogen peroxide to PB/solution interface or more precisely, to the reaction zone.
2. The diffusion of charge carriers (electrons) from the underlying electrode through the PB layer to reaction zone. This process should be taken into account because the PB presents a semiconductor with a limited mobility of charge carriers. Thus, under certain conditions (e.g., a thick layer of PB), the limited mobility could limit the overall rate of the electrocatalytic process.
3. The redox interaction between "active centers", if any, of PB, and hydrogen peroxide. This reaction leads to generation of hydroxyl anions and thus to an increase of a local pH that is responsible for decomposition rate. Taking into account these partial processes, a kinetic scheme for the decomposition of PB layer could be composed, at least in principle. Because of a priori complications in deriving this kinetic scheme, any kind of a simple approximation in describing the kinetic dependencies would be very helpful. As a possible approximation, a simple first-order reaction kinetic scheme could be applied. The decay of cathodic current, which is related to the decomposition of catalytically active PB layer can be satisfactorily described as a firstorder kinetic process following the equation: (2) where I and I 0 are cathodic current and its initial value, respectively; t -the time and k -first-order current decay coefficient.
Treatment of the data obtained according to equation (2) yields first-order decomposition rate constants for particular peroxide concentration and solution pH values (Table 1) . For a pH 5.5 solution, the decomposition rate constants vary between 2.16 x 10 -3 and 6.05 x 10 -3 min
for hydrogen peroxide concentrations of 0.2 and 1.0 mM, respectively. This means that the half-life of decomposition varies between 320 and 115 min for the lower and upper concentrations, respectively. For more alkaline solution (pH 7.3), the corresponding decomposition rate contants are higher by roughly one order of magnitude, ranging from 1.61 x 10 -2 to 3.43 x 10 -2 min -1 for peroxide concentrations ranging from 0.2 to 0.8 mM, resulting in a half-life of decomposition of 43 to 20 min, respectively. The results obtained show a limited stability of PB as electrode modifying material in electrocatalytic reduction of hydrogen peroxide. Fig. 2 shows the dependence of decomposition rate coefficients on hydrogen peroxide concentration. For both pH tested, a linear dependence between these parameters is observed. The dependence obtained could be well approximated by the linear equation as follows:
where k is the first-order decomposition rate coefficient with a and b as empirical constants.
In this equation, the coefficient a presents the decomposition rate at a zero concentration of hydrogen peroxide, i.e. a "pure" electrochemical decomposition. This constant should depend on solution pH and on the operating potential. Also, this constant should include the decomposition at the expense of electrochemical 
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Blue electrocatalytic layer during cathodic reduction of hydrogen peroxide reactions of molecular oxygen present in electrolyte. The constant b represents the sensitivity of the decomposition on hydrogen peroxide concentration therefore, should also depend on solution pH and probably on electrode potential. The linear dependence obtained (Fig. 2 ) means that no "critical" peroxide concentration exists and the decomposition rate appears to be directly proportional to hydrogen peroxide content. Extrapolation, of linear dependencies obtained, to the zero concentration of hydrogen peroxide yield the decomposition coefficients for PB layers in absence of peroxide. It could be concluded from the empirical constant a obtained from Fig. 2 that in absence of peroxide, the decomposition of a PB layer proceeds ca. 10 times faster in pH 7.3 solution when compared to pH 5.5. The increase of the decomposition rate constant, b, by increasing peroxide concentration appears to be approx. 30 times higher for pH 7.3 than for pH 5.5. This shows a significant decrease of stability for PB layer with increasing solution pH.
Conclusions
The results obtained show that Prussian Blue undergoes intense decomposition processes when used as electrode modifier for hydrogen peroxide assay. The stability of a PB layer appears to be higher at lower peroxide concentrations, and at lower solution pH, however, remarkable decomposition proceeds even at low peroxide content, and thus cannot be fully excluded. The present short insight into the stability of PB as electrocatalytic material shows that this material could be hardly used for long-term assay of hydrogen peroxide. For biosensor applications, the most likely application of this material relates to one-shot use and significant stabilization of electrode material is needed for its continuous use.
